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The histology of cervical ribs of Sauropoda reveals 
a primary bone tissue, which largely consists 
of longitudinally oriented mineralized collagen 
fibres, essentially the same tissue as found in ossi- 
fied tendons. The absence of regular periosteal 
bone and the dominance of longitudinal fibres 
contradict the ventral bracing hypothesis (VBH) 
postulated for sauropod necks. The VBH predicts 
histologically primary periosteal bone with fibres 
oriented perpendicular to the rib long axis, indi- 
cative of connective tissue between overlapping 
hyperelongated cervical ribs. The transformation 
of the cervical ribs into ossified tendons makes 
the neck more flexible and implies that tension 
forces acted mainly along the length of the neck. 
This is contrary to the VBH, which requires com- 
pressive forces along the neck. Tension forces 
would allow important neck muscles to shift back 
to the trunk region, making the neck much lighter. 
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ossified tendons; neck mechanics 



1. INTRODUCTION 

A very long neck is the hallmark of sauropod dinosaurs, 
the largest creatures to ever walk the Earth, and may be a 
key innovation for the success and gigantism of sauro- 
pods [1,2]. The long neck of sauropods could have 
resulted in energetically more efficient feeding [3,4]. 
However, the use and even the posture of sauropod 
necks are still very controversial [2,5]. Although some 
authors favoured nearly vertical neck postures and 
specialized high-browsing [6,7], others have argued 
that increased horizontal feeding range has been the pri- 
mary function of the neck and that the vertical range was 
only limited [8,9] . The mobility of the sauropod neck is 
also a topic of debate (see [9-11] versus [12-15]). The 
posture of sauropod necks was reconstructed by several 
authors based on standard mechanical laws. The results 
are contradictory because of different interpretations of 
the function of mechanically relevant structures such as 
the cervical ribs or the assumed amount of intervertebral 
and zygapophyseal cartilage [ 1 0, 1 1 , 1 3, 1 5 - 1 9] . 

Cervical ribs, the ribs that attach lateroventrally to 
the cervical vertebrae (figure la,J), are plesiomorphic 
for amniotes but are lost in some groups such as mam- 
mals. In archosauromorphs, the cervical ribs are 



divided into an anterior process and a posterior process 
(figure \e). Hyperelongated cervical ribs, in which the 
posterior process extends backwards over several (two 
or three) cervical vertebrae (figure la,c), seem to be 
plesiomorphic for Sauropoda because they are already 
present in the sauropodomorph Plateosaurus. In Sauro- 
poda, they occur, for example, in Brachiosaurus brancai 
and mamenchisaurids. In Shunosaurus and Diplodo- 
coidea, the cervical ribs are shorter, and the posterior 
process is only somewhat longer than its corresponding 
vertebra [20]. Being directed posteriorly, hyperelon- 
gated cervical ribs have to overlap several other 
cervical ribs [21]. Shorter ribs overlap only with the 
anterior process of the following cervical rib, if at all. 

Two competing hypotheses explain cervical rib 
function in sauropods: Frey & Martin [16] (see also 
[17]) proposed the ventral bracing hypothesis (VBH) 
in which the overlapping cervical ribs were bound 
into rods by connective tissue and supported the 
neck ventrally. They transferred compression forces 
and counteracted torque, which would have made 
the neck very muscular. Under the tensile member 
hypothesis (TMH) of Christian & Dzemski [12] (but 
see also [22]), the cervical ribs were used for transfer- 
ring tensile forces over long distances, so that neck 
muscles could be shifted towards the trunk, thereby 
reducing the weight of the neck. The VBH implies a 
rather horizontal neck posture and is only reasonable 
for an inflexible neck, because any deviation from a 
maximum ventrally flexed position would have 
reduced the load and thereby the bracing function of 
the rod formed by the cervical ribs. Lateral flexion 
would have been largely restricted [12]. The TMH 
allows more flexibility of the neck and is in accordance 
with reconstructed dorsoventral neck mobility [12]. 

The aim of this paper was to test the two competing 
hypotheses by analysing the histology of the cervical rib 
of sauropods. The VBH implies loading under com- 
pression, which predicts histologically the presence of 
primary periosteal bone tissue. In the areas of overlap- 
ping cervical ribs, the VBH predicts connective tissue 
that histologically would be seen as mineralized col- 
lagen fibres oriented perpendicular to the long axis of 
the cervical rib. By contrast, the TMH predicts histo- 
logically the presence of longitudinally oriented 
mineralized collagen fibres as seen in ossified tendons 
of birds and some dinosaurs [23] . 



2. MATERIAL AND METHODS 

Cervical ribs of the mid-neck region of three sauropod taxa 
were sampled: (i) a fragmentary rib of the basal eusauropod 
Mamenchisaurus sp. (SIPB 597) from the Middle/Upper Jurassic 
Shaximiao Formation, Jungar Basin, China (figure la); (ii) the 
basal macronarian B. brancai (MB.R.2181.90) from the Upper 
Jurassic Tendaguru Formation, East Africa (figure 16); and (iii) a 
complete mid-cervical rib of a non-Barosaurus diplodocine (cf. Diplo- 
docus sp., SMA HQ2) from the Upper Jurassic Morrison Formation, 
North America (figure Ic). The ribs were cross-sectioned in intervals 
to study histological variation along their length. For comparison, 
ossified tendons from hadrosaurs were studied. The cross sections 
were processed into petrographic thin sections by standard methods 
[24] . Thin sections were examined with a Leica DMLP compound 
microscope in normal transmitted light and cross-polarized light. 
Collagen fibres are visible only under polarized light at high magni- 
fication and without lambda filter. Abbreviations: MB.R, Museum 
fur Naturkunde, Berlin (Leibniz Institute for Research on Evolution 
and Biodiversity Berlin, Germany); SIPB, Steinmann Institute (Div- 
ision of Palaeontology, Bonn, Germany); SMA, Sauriermuseum 
Aathal, Aathal (Canton of Zurich, Switzerland). 
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Figure 1 . Sampled specimens., sampling locations and cross sections of sauropod cervical ribs, (a) Anterior neck of Brachiosaurus bran- 
cai (Museum fur Naturkunde 3 Berlin) with hyperelongated and overlapping cervical ribs, (b) Three cross sections were taken along the 
proximal part of the posterior process of a left mid-neck cervical rib of Mamenchisaurus sp. (SIPB 597) in ventral view. Note the medi- 
ally pointed ventral part of the cervical rib. (c) Seven cross sections were taken along the left ninth cervical rib of B. brancai 
(MB.R.2181.90) 3 which is figured in lateral view, (d) Neck of Diplodocus carnegi (cast in the Museum fur Naturkunde 3 Berlin) with 
short cervical ribs, (e) Six cross sections were taken along the right mid-neck cervical rib of cf. Diplodocus sp. (Sauriermuseum 
Aathal 3 Aathal HQ2) 3 which is figured in ventral view. Note the morphological differences of this cervical rib when compared with 
the hyperelongated cervical rib of B. brancai. 
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3. RESULTS 

The cervical rib histology of all three taxa is domina- 
ted by secondary osteons, but primary bone can be 
observed in the interstices and at the outer bone surface 
(figure 2). The primary bone tissue shows dense, 
longitudinally oriented fibres organized into bundles 
(figure 2) instead of periosteal bone. These fibre 
bundles are diamond-shaped when cut exactly perpen- 
dicular and are surrounded by a distinct sheath (figure 
2b). This tissue is of metaplastic origin, because the 
fibre bundles represent ossified connective tissue, i.e. 
tendons. Longitudinally oriented vascular canals were 
deposited between the fibre bundles. 

The Mamenchisaurus sp., sample may represent an 
earlier ontogenetic stage because cross sections are less 
remodelled by secondary osteons when compared with 
the cf. Diplodocus sp., and B. brancai samples. Mamenchi- 
saurus species shows thick layers throughout the cortex 
solely built of longitudinal fibres (figure 2a). In 
B. brancai^ layers consisting solely of longitudinal fibres 
are also visible in the outer cortex. In cf. Diplodocus 
species, the fibres are mainly visible in the interstices 
between the secondary osteons and occur locally only 
in the outermost cortex (figure 2b ) . Generally, the inten- 
sity and amount of longitudinal fibre bundles increases 
posteriorly along the posterior process in all three taxa. 
Only in cf. Diplodocus sp. (SMA HQ2-A,B), the anterior 
process was sampled (figure le). It also shows longitudi- 
nal fibre bundles. Fibres oriented perpendicular to the 
rib long axis were absent in all samples. 

Primary periosteal bone tissue is lacking along the 
posterior process, except for Mamenchisaurus sp., in 
which the ventromedial margin locally shows parallel- 
fibred bone tissue with simple longitudinal vascular 
canals and primary osteons. The rib head, which was 
only sampled in cf. Diplodocus sp., shows normal 
primary periosteal bone tissue with longitudinally 
oriented vascular canals. 

The ossified hadrosaur tendons sampled for com- 
parison consist solely of longitudinally running fibre 
bundles (figure 2c) looking exactly like those in the cer- 
vical ribs of Sauropoda (figure 2a,b). Ossified tendons 
also show longitudinal vascular canals. 

We conclude that the posterior processes of the 
elongated and hyperelongated cervical ribs of the three 
sauropod taxa represent ossified tendons, which has 
not previously been recognized. The fact that the cervi- 
cal ribs are ossified tendons allows an unequivocal 
interpretation of their biomechanical function. 

4. DISCUSSION 

The predominance of longitudinal mineralized col- 
lagen fibre bundles and the lack of perpendicular 
fibres refute the VBH but support the TMH. Com- 
parison with ossified tendons of hadrosaurs, birds 
and other dinosaurs [23] unequivocally indicates the 
posterior processes of the cervical ribs of Mamenchi- 
saurus sp., B. brancai and cf. Diplodocus sp., are 
ossified tendons. Only the region around the rib 
heads is homologous to the plesiomorphic cervical 
rib proper. 

The nature of sauropod cervical ribs as ossified ten- 
dons and comparative anatomical studies [22,25] 




Figure 2. Histological details of the sampled cervical ribs of 
Sauropoda and an ossified tendon in polarized light, 
(a) Overview of the outer cortex of Mamenchisaurus sp. 
sample SIPB 597-C. Note the dominant longitudinal fibres 
between the scattered secondary osteons and the longitudinal 
vascular canals, (b) Enlargement of cf. Diplodocus sp. SMA 
HQ2-F with dense longitudinally running fibres between 
scattered secondary osteons. Note the diamond shape of 
the perpendicular cut longitudinal fibres. The fibres are sur- 
rounded by a sheath, which appears here mainly in white 
(arrow), (c) Histological detail of an ossified tendon of a 
hadrosaur with dense longitudinally running fibres in 
between erosion cavities and vascular canals. Abbreviations: 
ec, erosion cavity; so, secondary osteon; vc, vascular canal. 

suggests that the musculus longus colli ventralis was 
attached to the posterior process of the cervical rib, 
loading it under tension. This permitted the musculi 
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flexor colli to shift posteriorly towards the trunk, making 
the entire neck much lighter. Ossification of the tendon 
probably began early in ontogeny, as is documented for 
other dinosaurs [23]. 

Our result fits the observation that hyperelongated 
cervical ribs are common in sauropods with extremely 
long necks, in which high amounts of torque would 
shift neck mass backward. In sauropods with shorter 
cervical ribs and therefore more flexible necks, the 
backward shift of muscle mass was limited by the 
need to bend the neck [13]. The predominance of ten- 
sile loading in the cervical ribs does not, however, 
exclude the possibility that overlapping cervical ribs 
contributed to bracing when the neck was kept in a 
low, ventrally flexed posture [21]. 

H.-J. Siber (SMA), D. Schwarz-Wings and O. Hampe (both 
MfN Berlin) and Xu Xing (IVPP) permitted histological 
sampling. S. Hayashi (SIPB) and T. Sekiya (ZDM) gave 
kind support during collections visits. Technical help was 
provided by the SIPB staff members O. Diilfer (thin 
sectioning) and G. Oleschinski (photography). We thank an 
anonymous reviewer, M. Taylor, and H. Woodward for their 
helpful comments on an earlier version of the manuscript. 
Funding was provided by the Deutsche Forschungs- 
gemeinschaft (Sa 469/29-1). This is contribution no. 129 of 
the DFG Research Unit 533 Biology of the Sauropod 
Dinosaurs: The Evolution of Gigantism. 



1 Sander, P. M. et al. 2011 Biology of the sauropod 
dinosaurs: the evolution of gigantism. Biol Rev. 86, 
117-155. (doi:10.1111/j.l469-185X.2010.00137.x) 

2 Sander, P. M., Christian, A. & Gee, C. T. 2009 Response 
to sauropods kept their heads down. Science 323, 
1671-1672. (doi:10.1126/science.323.5922.1671) 

3 Preuschoft, H., Hohn, B., Stoinski, St. & Witzel, U. 201 1 
Why so huge? Biomechanical reasons for the aquisition of 
large size in sauropod and theropod dinosaurs. In Biology 
of the sauropod dinosaurs: understanding the life of giants (eds 
N. Klein, K. Remes, C. T. Gee & P. M. Sander), pp. 
305-316. Bloomington, IN: Indiana University Press. 

4 Wilkinson, D. M. & Ruxton, G. D. 2011 Understanding 
selection for long necks in different taxa. Biol Rev. 87, 
616-630. (doi:10.1 1 1 1 /j.l469-185X.201 1.00212.x) 

5 Seymour, R. S. 2009 Sauropods kept their heads down. 
Science 323, 1671-1672. (doi:10.1 126/science.323. 
5922.1671) 

6 Bakker, R. 1987 The dinosaur heresies. New York, NY: 
William Morrow. 

7 Paul, G. S. 1988 The brachiosaur giants of the Morrison 
and Tendaguru with a description of a new subgenus, 
Giraffatitan, and a comparison of the word's largest 
dinosaurs. Hunteria 2, 1-14. 

8 Martin, J. 1987 Mobility and feeding of Cetiosaurus 
(Saurischia: Sauropoda) — why the long neck? In 4th 
Symp. Mesozoic terrestrial ecosystems (eds P. J. Curry & 
E. H. Koster), pp. 154-159. Drumheller, Canada: 
Tyrell Museum of Paleontology. 

9 Stevens, K. A. & Parrish, M. J. 1999 Neck posture and 
feeding habits of two Jurassic sauropod dinosaurs. Science 
284, 798-800. (doi:10.1 126/science.284.5415.798) 



10 Stevens, K. A. & Parrish, M. J. 2005 Digital reconstruc- 
tions of sauropod dinosaurs and implications for feeding. 
In The Sauropods: evolution and paleobiology (eds J. A. 
Wilson & K. Curry Rogers), pp. 178-200. Berkeley, 
CA: University of California Press. 

1 1 Stevens, K. A. & Parrish, M. J. 2005 Neck posture, denti- 
tion and feeding strategies in Jurassic sauropod 
dinosaurs. In Thunder lizards: the sauropodomorph dino- 
saurs (eds V. Tidwell & K. Carpenter), pp. 212-232. 
Bloomington, IN: Indiana University Press. 

12 Christian, A. & Dzemski, G. 2007 Reconstruction of the 
cervical skeleton posture of Brachiosaurus brancai 
Janensch, 1914 by an analysis of the intervertebral 
stress along the neck and a comparison with the results 
of different approaches. Fossil Rec. 10, 37-48. 

13 Christian, A. & Dzemski, G. 201 1 Neck posture in saur- 
opods. In Biology of the sauropod dinosaurs: understanding 
the life of giants (eds N. Klein, K. Remes, C. T. Gee & 
P. M. Sander), pp. 251-260. Bloomington, IN: Indiana 
University Press. 

14 Taylor, M. P., Wedel, M. J. & Naish, D. 2009 Head and 
neck posture in sauropod dinosaurs inferred from extant 
animals. Acta Palaeontol. Pol. 54, 213-220. (doi:10. 
4202/app.2009.0007) 

15 Christian, A. 2010 Some sauropods raised their necks: 
evidence for high browsing in Euhelopus zdanskyi. Biol. 
Lett. 6, 823-825. (doi:10.1098/rsbl.2010.0359) 

16 Frey, E. & Martin, J. 1997 Long necks of sauropods. In 
Encyclopedia of dinosaurs (eds P. J. Currie & K. Padian), 
pp. 406-409. San Diego, CA: Academic Press. 

17 Martin, J., Martin-Rolland, V. & Frey, E. 1998 
Not cranes or masts, but beams: the biomechanics of 
sauropod necks. Oryctos 1, 113-120. 

18 Berman, D. S. & Rothschild, B. M. 2005 Neck posture of 
sauropods determined using radiological imaging to 
reveal three dimensional structure of cervical vertebrae. 
In Thunder lizards: the sauropodomorph dinosaurs (eds 
V. Tidwell & K. Carpenter), pp. 233-247. Bloomington, 
IN: Indiana University Press. 

19 Christian, A. 2002 Neck posture and overall body design 
in sauropods. Mitteilungen des Museums fur Naturkunde 
Berlin, Geowissenschaftliche Reihe 5, 269-279. 

20 Upchurch, P., Barrett, P. M. & Dodson, P. 2004 
Sauropoda. In The dinosauria (eds D. B. Weishampel, P. 
Dodson & H. Osmolska), pp. 259-322, 2nd edn. 
Berkeley, CA: University of California Press. 

21 Janensch, W. 1950 Die Wirbelsaule von Brachiosaurus 
brancai. Palaeontograph. Suppl 7, 27-92. 

22 Wedel, M. J., Cifelli, R. L. & Sanders, R. K. 2000 Osteol- 
ogy, paleobiology, and relationships of the sauropod 
dinosaur Sauroposeidon. Acta Palaeontol. Pol. 45, 343-388. 

23 Organ, Ch. & Adams, J. 2005 The histology of ossified ten- 
dons in dinosaurs. J. Vert. Paleontol. 25, 602-613. (doi:10. 
1671/0272-4634(2005)025[0602:THOOTI]2.0.CO;2) 

24 Klein, N. & Sander, P. M. 2007 Bone histology and 
growth of the prosauropod Plateosaurus engelhardti 
Meyer, 1837 from the Norian bonebeds of Trossingen 
(Germany) and Frick (Switzerland). Special Pap. 
Palaeontol. 77, 169-206. 

25 Wedel, M. J. & Sanders, R. K. 2002 Osteological corre- 
lates of cervical musculature in Aves and Sauropoda 
(Dinosauria: Saurischia), with comments on the cervical 
ribs of Apatosaur us. PaleoBios 22, 1-6. 



Biol. Lett. (2012) 



